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ABSTRACT

It is becoming more apparent that a fair proportion of high-frequency
backscatter from level portions of the earth's surface results from upright
targets such as trees and buildings. Using the standing-wave method, at 26
MHiz, trees have been investigated at angles of incidence (with respect to
the horizontal) up to 22.5°, It was found that a tree may provide signifi-
cant scatter,

The present undertaking was to mocssure--by the same technique--back-
scatter from cement walls of different sizes and conditions at 26 Miz,
Using a balloon-borne transmitting antenna and telemetering probe, cross
sectioas for both horizontal and vertical polarization were obtained for
angles of incidence between 2,5° and 22,5°, Mugnitudes of cross sections
wero much greater for vertical polarization at lower angles of incidence.

For angles of incidence other than broadside, but with the radiation
perpendicular to the intersection of the wall and the ground, the wall-

* ground combination behaved as a corner reflector; the experimental results
for larger walls showed agreement with the correspording theory. Subse-
quent extrapolation of the theory suggests that buildings may have cross
sections much higher than trees.

A comparison of wall scatter to that from a large oak tree, and con-
sideration of other city targets, suggests that at low angles of incidence
horizontally polarized scatter should be larger from cities than from for-
osts, primarily at the upper end of the HF spectrum. Although an aerage
building may have a cross section as much as 16 db larger than that for an
average tree, trees far outnumber buildings in the large areas illuminated
by HF radar; therefore, trees may be the primary source of vertically po-
larized ground backscatter. A knee was observed in the curves for cross
section vs angle of incidence; however, the knee was not as pronounced for
the wall as that occurring for a large oak tree. This variance suggests
that scatter from buildings may be higher than that from trees at the low-
er angles of incidence.

Backscatter signal enhancements from cities at particular frequencies
might provide an indication of the magnitude of building scatter from a

particular target area.
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SYUBOLS

a an arbitrary wall dimension

RN S

% (‘u = ‘o)qi/‘o

A 2Ao cos ¥

Ao physical area of one wall face

A' a constant used to determine :1 for horizontal polarization

B B/IL = the relative free-space cross section

c speed of light in free space

(o] capaci tance of plates, Crco

Co capacitance of plates in free space

CQ- capacitance added by Q meter when plates are connected

CT total parallel capacitance in circuit

d thickness of a wall

D shortest distance between building rows

Et field strength of the incident radiation at the target position
in the absence of the target

HPo field strength at the position of the peak in the background
in the absenze of the ground

E: field strength of the backscattered radiation at a distance r
from the target

f lower 3-db cutoff frequency in Q measurements

fu upper 3-db cutoff frequency in Q measurements

fo center frequency in Q measurements

Fv a factor used in determining Et for vertical polarization

F" a factor used in determining E1 for horizontal polarization

G gain of transntttlng/rocclvlnz antenna

SEL-67-002 vi



h full height of wall

hL height of scettering power/tclephonc line

hp height of probe

h. height of a narrow horizeontal target scattering segment

Xh horizental illumination factor

lL vertical illumination factor

k propagaticen constant in free space, 2n/A

kw propagation constant of the wall

L inductance of werk coil used in capacitor-Q technique

P represents error in measured t' due to nonconstant phase-

range dependence

Pr receiver power from backscatter

PT transmi tted power

Q Q of capacitor measured with wall material dielectric
Q1 indicated Q

Q. actual Q

r distance between base of target and probe

rg ground-reflected distance to the prebe from a herizental

target segment

r range from target at which extrapolation was performed to
determine EL00, wusually 60 ft

rt direct distance tc probe from a herizontal target segment

R distance between the transmitter and the probe, Ro - F

Ro distance between the transmitter and the target

RN distance between the transmitter and the position of the null
in the background

Rp distance tetween the transmitter and the pesition of the peak
in the background

R8 reflection coefficient of the ground

vii SEL-67-002
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Rgll

rc

rc
w
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reflection coefficient of the ground fer horizontal pelsrization

reflection ccefficient of the ground fcor vertical pelarization
reflecticn ccefficient of the wall

reflection cocefficient of the dry wall

reflecticn coefficient of the wet wall

resistance which represents a lessy dielectric

factor te relate the relative te the actuasl free-space crcss
secticn

represent transfer functicns used in capacitor-Q technique

transmitter veltage that creates null in prcbe telemeter
cutput; 1/V is relative field strength

veltage across capaciter measured in capacitor-Q technique
veltage of RF generatcr in Q meter
V. at ft

c

Vc at fu
rormnlized VL for parallel rescnant circuit
nermalized Vu for parallel rescnant circuit

hoerizental distance te target, r cos ¥

angle between incident rays and rews of buildings
path difference between tvo rays

path difference between ground-reflected and direct rays at a
null in the background field variaticn

path difference between ground-reflected and direct rays at
a peak in the backgrecund field variaticen

relative dielectric censtant
complex relative dielectric constant for the grecund

complex relative dielectric constant for a wall
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n (2#h sin ¥)/A

A wavelength of radiation studied, 38 ft
w radian frequency, 2nf
w 2nf

o o

 § angle of incidence of incoming radiation, measured to the

ground

g conductivity

on(*) rader cross section as a function of angle >f incidence

oBo theoretical fcree-space radar cross section
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1. INTRODUCTION

At present, wuch information about the ionosphere is gained through
high-frequency backscatter soundings. It is also hoped to utilize back-
scatter sounding in identifying different types of terrain. However, in
order to obtain reasonably accurate quantitative results, the total back-
scattered power from the illuminated area must be known. This may be ob-
tained through a knowledge of the radar cross-sectional area of the target.
Backscatter properties of the ground have been the subject of many investi-
gutions, Backscatter coefficients for different terrains and angles of in-
cidence were measured by Hagn at 32,8 Miz [Ref. 1]. Steele [Ron. 2.3]
obtained results for more general types of terrain using a 16-MHz backscat-
ter scunder and assuming smooth ionospheric conditions.

It was suggested by Steele [Rctl. 2,3] that the backscatter from land
is primarily associated with upright targets (such as trees and buildings),
and only secondarily vith ground centour roighness. To investigate this,
Steerle and Barnum [Ret. 4] developed a method for deducing free-space radar
cross sections of land objects using the standing-wave method [Rof. 5]. At
26 MHz it was found that a tree behaves like a resonant target--for both
horizontal and vertical polarization--and 18 capable of producing signifi-
cant backscatter, In that investigation, metal street-lighting masts had
the largest cross section of the various targets measured.

Backscatter from a ground target includes the ground as part of the
target, and cross secti.ns are therefore a function of angle of incidence.
Using the same technique of field measurement as Steele and Barnum [Ret. 4],
Steele [Ret. 6] developed a method for measuring tho cross section of a tree
at different angles of incidence. It was found that a tree behaves like a
conducting dipole for both horizontal and vertical polarization. Below 20°
scatter was generaliy stronger for vertical polarizatinn than for horizental,
and at 10° a pronounced knee eifect was observed for vertical polarization.

If cities provide significant scatter compared to forests, they might
be identifiable in sweep-frequency radar backscatter., In this connection,
the radar cross section of buildings would be of great interest. As with
most targets, city and forest cross sections shoculd be some function of

frequency, and the particular function will affect this identification,

1 SEL-67-002
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The present undertaking was to measure the backscstter from various
sizes and condition: of cement block walls, and froa these measurements
deduce their rsdar cross sections ss a function of angle of fncidence snd
wall size. Steele's method {Ict. 6] wsgs employed at 25.9 MHz over angles
of incidence ranging from 2.5° to 22.5°., Wall sizes ranged from 5 ft high
and 10 ft wide to 20 ft high and 20 ft wide. Some walls were measured both
wet and dry. One wall was also covered with chicken wire, another con-
tained vertical metal rods ' mbedded in the wall, wbich simulated support
used in sctual construction. Most of these results have been predicted
by Wetzel (Ret. 7], and measurement cf the electrical constants of the
wall enabled his theory to be calculated and compared vith experimental
results,

It was possible to predict relative magnitudes of building and tree
cross sections. Knowledge of these cross sections, together with those
for other city targets, enabled approximate comparisons to be made between

forest and city scatter for both polarizstions.

SEL-67-002 2
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11. THEORY

Assuming free-space propagation (no ionosphere), the radar cross

section is defined by its radar equstion,

p_G2\*
Sl = ()

vhere Pr = received power
PT a transmitted power
Ro = distance to the scatterer
G = gain of the transmitting/receiving antenna
\ = wavelength
From this we deduce that
R 2
E
A 2
O‘B 4rR ol‘_ (2)

R
where Eso is the field strength of the backscattered *adiation as

measured at the transmitter, and E‘ is the field strength of the
incident radiation at the target.

If we measure t’ at some particular distance r from the target,
other than Ro' the range dependence of Bs mist be known {n order to
estabiish the value of Es at Ro' vhere its effcct is ultimately real-
ized in radar calculations. For all the targets used (as well as all those
preceding [Rets. 4,6>), the target was well outside the first Fresnel zone
of the transmitter. Hence the {llumination of the target was of essential-
ly uniform phase over {ts broadsid. dimensions, Also the range dependence
of t. msay be expected to vary as I/r, provided we are far enough away
from the turget. Therefore, regardless of the neture of the target, or its
relation with the ground, all that is needed i#2 a measure of EI/E? at
some distance r far enough from the target so that B' vartes ss 1/r.
For lower heights of targets, a suitable value of r will be smaller than

for high targets, since for lower targets the giound-reflected and direct

3 SEL-67-002
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rsys reradiated from the target will sssume steady-state interference
closer to the target. As will be seen in Chspter IV, r =« 60 ft was s
suitable distance in most cases,

Yetzel has derived theoretical results for a plsne reflector mounted
vertically on the ground and facing the incident radiation [lof. Ti. As
he suggests, the target is a corner reflector and rersdiation has range

dependence 1/r. MHis results are given by

aglt) = aaoir(v)”2 (3)
where 2
47A
2
Um - _\TO Rw(';-)
snd

r(+)] r3 - 9 129 IRTTE
‘) - CO!  J _—;ﬂ- sinc (q)(l + e R (f)) + 20 R‘(vﬂ
2

wvhere oa(v) is the radar cross section as a functica of the angle of

incidence ¢; ¢ is the free-space cross section of a flat plate in

free space, vtlhngorQQXIy incident rsdietion, with ad f{ts physical area;
1 = (27h sin ¥)/\, where h 1s the height of the wall; R and R are
the refiection coefficients of the wall and ground, respectively, as a

function of grszing ancle (angle of incidence) ¥. We note that for large

7 this reduces to

op(?) = 4o, cos® ¥ n:(g - 1)|n‘(t)|2 (4)
Then,
9 * 1::"‘; '3(';' = *) |Rn(ﬂ|2 (s)

shere A = ZAO cos ¥; this is in agreement with Kerr [Ref. 8, p. 457 |
when it is remeabered that a corner reflector is equivalent to a flat plate

of area 2Ao cos V. R' represents the magnitude of the wall reflection

SEL-67-002 4
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coefficient which is found frou the theory of thin (lossy) dielectric
slabs [Ref. 9] as

k
N e~ (e)

where k' is the propesgation constant of the wall, d 1a the thickness
of thy wall, and €'°n ia the complex relative dielectric constant of

the wall. But aince k_ -~§ [Treq + W@ have
r @
.'(5) - IE (l e Fm)ﬂl = 0,0531 'l 3 Crc"

where @ = 27(25.9 X 10‘), c=3x 10', and d = 0,203 m,

Uning Croy O derived i{n Chapter V, l' is calculated for ¢ = O,
As Wetzel suggesta, R' will not change appreciably for angles of inci-
dence in the range 0° < ¢ < 30°. R‘(f) may be asrumed to be -1 Zor hori-
zontal polarization. For vertical polarization, the ground constants sust
be known, For thia terratn Steele [Rct. G] eatimated that tr =13, a
typical value. Refeience to typical conductivities [Ref. 10, p. 808} en-

3

ables us to assume that o = 7 x 10 = mho/m for the particular terrain

under study. This gives ‘rc‘ = 15 - 14,86, where t,c‘ is the relative
complex dielectric conatant for the ground. Thence, for vertical polar-
ization, we can calculate R‘ as follows [Raf. 8, p. 396: Ref. 11):

Tl §
€ ain ¢ - [« - cos tT)°
re rc
£ £
2 \1
e sin ¥ (rc - cos ¢
(4 4

Enough information was therefore obtained to plot a set of theoretical

Rg(#) -

curves for msost of the various sizes and conditiona of walls measured.

5 5R1L-67-002

B R e I R I R T P EE



I11. MEASURBRMENT TEQINIQUE

The standing-wave method for deducing a radar cross section has been
adapted to 25.9 iz as described by Steele and Barnum (Ref. 4. For mea-
suring cross sections at different angles of incidence, the method was fur-
ther adapted as deacribed by Steele [Ref. 6|. Mere, the same frequency was
used, and the system was unchanged except for the nature of the target. A

schematic diagram of the moasurement site is shown in Fig. 1.

10 DIA BALLOON:

TRANSMI TTING
ANTENMNA

FIG. 1. EXPERIMENTAL SETUP FOR MEASUREMENT OF CROSS
SECTIONS AT DIFFERENT ANGLES OF INCIDENCE.

The targets were 8-in.-thick cesent block walls. Sizes, in feet,
were: S high by 10 wide; 10 by 10; 10 by 20; 13 by 20; and 20 by 20, The
last three walls were measured both wet and dry, In eddition, the 10- by
10-ft wall was covered with chicken wire, and the 10- by 20-ft wall con-
tained vertical metal rods spaced every 6.5 ft to simulate support used in
actual construction. Otherwise, the walls were supported only by a wooden
frame; the backscatter from the frame, even vhen wet, was assumed negligible.

Pigure 2 shows the wetting process. The wall was covered with wat>yr
on both sides to insure thorough dampness. It was assumed that the degree
of water permeation in the wall would correspond, in radar backscatter
cases, to a cement building in a rainy area subjected to continuous down-

pour, thereby equalizing total dampness for the two cases.

SEL-67-002 6
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PIG, 2. WALL WETTING PROCESS.

7 SEL-67-002
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Through the use of a transit, the probe line and s lire normal to
the wall were positioned to within 1° horizontal separation. The probe
line met the wall at the middle of its base. Since the probe hung 3 ft
under its supporting rope, the rope was elevated sn experisentally ad-
justed amount, thereby adjusting the actual probe line tn the correct
path. A typical setup is shown in Pig. 3.

Wl aa

F1G, 3. TYPICAL TARGET SETUP: 5-¥FT--HIGH BY 20-FT-WIDE WALL.

Moasurements were taken using bocl borizontal and vertical polarize-
tion, As will be seen and discussed lster, cross sections were very small

for horizontal polarizstion, except for the 20- by 20-ft (largost) wall.

SEL-67-002 8
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The balloon-borne transaitting antenna could be maneuvered to a
height of 150 ft, Since the target was 300 ft away, along the ground,
angles of incidence ranging between 2.5° to 22.5° were achieved. The
telemetering probe was moved along a rope by means of pulleys and strings;
its position was recorded with the aid of a plumb bob, The transmitter
output was varied to achieve a standard electric field at the probe for
each position the probe occupied. W¥hen this was a.7omplished, the gate-
controlled telemetering transmitter showed a 17-¢b null. A plot of in-
verse transmitter output voltage vs r, the radial distance to the tran.-
mitter antenna, gave a relative indication of the electric field variations
in front of the target which would exist if some constant transmitter out-
put were maintained. These plots will be discussed in the next chapter,

The following items were noted by Steele [Ref. 6): The dry 75-ft
wooden pole, suspending the probe line rope, would introduce only a slight
constant attenuation to the transmitted signal. Any day-to-day variation
of system efficiency was of 1ittle consequence, since only ratios of rela-
tive field strengths were desired. For example, if the transmitting an-
tenna is raised to produce a different angle of incidence, the obliquity
affects both incident and scattered fields although their ratio is unaf-
fected. Likewise, any inclination of the probe (which -“ever exceeded a

few degrees from vertical or horizontal) affected E, and E, equally.

Other targets in the vicinity of the experiment (lncludln; th: tree which
was found to have appreciable tcutter) were far enough away from the probe
s0 that the added field term along the probe line would produce only some
negligible slow variation in the total field pattern. There are, of course,

some factors which would cause error; these are discussed in Chapter 1V,

9 SEL-67-002
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IV. DATA RED'CTIOX AND ANTICIPATED ERROR

The plots of l/V vs r weore handled in a fashion similar to those
done by Steele [Rof. 6) except that a different method was used to obtain

the incident field st the target, E This s discussed in detail below,

The usual plots of 1/V vs w v:ro first obtained, V is the trans-
mitter voltage and w {s the hortzontal distance between the transaitter
and the probe. Since the targets were not removable, as was the case for
the tree [Rof. 6;, a background field was sketched in; this is the field
that would exist i{f the target were removed. This curve wus assumed to be
ssooth, but not monotonic near the target and in some cases for large w,
since ground reflections modify the field pattern. The latter was found
to be true for typical cases in Steele's work, E. at the peaks and nulls
in the standing wave was deduced graphicaliy and plotted on a log-log plot
vs r, the radial (direct) distance between the probe and the iarget.
Reforence to these plots shows that a 1ine of slope -1 could be fitted to
the data, with some points falling above and some below the line. As
Steele points out, the assumption of the particular background field vari-
ation may be in error; howover, this method of finding E' tends to mini-
mizo this error providing that it is random, E:OO is found by extrapo-
lating the line of -1 slope to r = 100 ft (30.48 m). As seen in Chapter

11, since E  varies as 1/r,

2
x100

2] s 2
g " 45(30.48) —E;— " (8)
Since many sets of data woere taken, a quicker method for determining
51 was desired. Basically this involved detersmining a factor called F,
for both horizontal and vertical polarization, which, when multiplied by
1/v (v = 60 ft), gave E,

func'ion of angle of incidence and is quite different for the two polar-

for a particular set of data., F is then a

izations as seen in Fig. 4. This variance arises due to the widely differ-
ing reflection coefficients for the ground vs angle of incidence, Rs"(f)
and Rgv(t), for horizontal and vertical polarization, respectively.

The underlying assumption is that R‘ﬂ(?) and R‘v(t) did not change from

SEL-67-002 10
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weok to week, As will be seen, this assumption is probably valid since it
was found that reflection coefficients were lower than expected, indicating
probable subsurface reflection and subsequent attenuation on the ground re-
flected rays. Purthermore, the moisture content of the soil beneath the
surface would seem fairly constant due to the presence of a water table and
frequent enough rain.

For horizontal polarization, Pﬁ was obtained as follows,

Over a period of 2 days, sets of data were taken for all the angles
of incidence in question. "Standard readings” were also taken on each of
these days by recording l/V at a particular angle of incidence and probe
position. These readings were found identical, and therefore the system
efficiency was assumed constant for these sets of data, Next, it was ob-
scrved that the data for 22.5° contained both a "peak™ and a "null" in the
background field variation (which is similar to Steele's example [Rot. 6,
pP. 15]). Since the peak is caused by constructive interfer<nce and the
null is caused by destructive interference between the direct and ground-

11 SEL-67-002
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reflected rays, a relation may be derived for the total incident field
representation at the peak in terms of the fileld which would exist there
in the absence of the ground. The occurrence of the null and its position,

together with an assusption of constant R eniabled this calculation.

g’
All individual rays are assumed to vary as l/R (where R 1is measured

from the transmitting nnt.nnn), since far field conditions prevajl. MNence,

at peak,
.:.- - A K, (9)
P
where 1/V. 1is the field at the peak, A' is a constant which is assumed

p
to be always 2,0 in Steele's work for horizontal polarization (Ret. 6],

and npo is the field which would exist at the peak position in the ab-

sence of the ground. A' {s given by

5 (10)

where Rx and Rp are the distances between transmitting antanna and
probe at the null and peak, respectively; I/V” {s the total field at the
null; &x and 5p are the path differences between direct and ground-
reflected rays at the null and pesk, respectively. For an angle of inci-
dence of 22.5°, the appropriate set of above data gave A' = 1. 482 (which

differs from Steele's assumed value of 2.0). It was interesting to find

. (which was assumed constant) was found to be 0,62, where

that IR
&

] bp
IR‘“? e (A' - 1)(1 .i;

and had a phase lag of 161°
bp - A
" .
Phase lag of R‘“ - —X 360 (11)

SEL-67-002 12
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and A = 38 ft for this experiment. Table 1 shows the various nusbers

determined for finding A'. Next, :l was obtained as

N U, .
E‘(22.5 ) -T'T;xi; (:2)

where R = 325 ft for ¢ = 22,5°. Pinally, the desired F was obtained

from
21(22.5°)
r"(zz.s’) -3 (13)
v(' = 60 ft)
TABLE 1. DATA FOR DETERMINING A'
Total field at null = = = = = = = = = = - I/Vs = 0.0589 (volt)™
. Total fleld at peak = = = = = = = = « - - 1/v,, = 0.2185 (vort)™!
Distance between transmitter and
peak position - = = = = = = = = = = = o RP = 192 £t
Distance between transmitter and
null position = = = = = = = = = = = = = n" = 225 ft

Path difference between direct and
ground-reflected rays from the
transmitter at the null position - - - B = 38 ft

Path difference between direct and
ground-reflected rays from the
transmitter at the peak position - - - B8 _ = 55 ft

Since the system efficiency and the vertical patterns of the probe
and transmitting antenna were constant for the other angles of incidence,

we have

® cos ¢
El(*) = 11(22.5 ) x cos 22.5°% (14)
13 SEL-67-002
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which takes into account different Ro for different angles of incidence.

Hence,

E,(¥)

%(" - 60 ft)

r"(;v) - (1s)

and this is plotted in Fig. 4. This is considered a more accurate method
for determining ¥, than that used hy Steele (Ref. 6.

For vertical polarization, a different method was used to determine
!‘ and Pv. Since the gain of the probe was different for direct and
ground-reflected rays, the above formulas could not be applied. Further-
more, the reflection coefficient of the ground for vertical polarization,
R‘v, is & function of angle of incidence. Steele [nof. 6] took advantage
of this fact when determining the Ei'l for vertical polarization. Since
exactly the same location and experimental apparatus were used for this

experiment, reference was made to the E, values, and corresponding I/V

1
(w = 60 ft) which Steele obtained for each angle of incidence when mea-
suring dipoles at the same target position as the wall, The data employed

were similar to those shown by Steele [Rof. 6, p. 19]. As before,

E (v)

%(I‘- 60 ft)

r¥) © (16)

Pv for vertical polarization is also plotted in Pig. 4.

Using the same method, ’V was found for another set of data taken
about the same time, and close correspondence was found. HNHowever, a fime
lapse of several weeks occurred between those sets and the sets taken for
the walls. As a result, the wall data experienced gain drift due to much
larger ambient temperature variations between 6:30 a.m. and 10°00 a.m,
Therefore, it was not possible to assume a constant standard reading over
a day (as was verified) and hence the Fv'a could not be checked with
the later data. It should be noted, however, that since each set of data
was taken in approximately 15 minutes, any temperature drift occurring
during this tine was negligible. Most of the time was spent in reorganizing
the experiment fo: each angle of incidence; hence, during these times,
overall temperature changes wers greatest.

SEL-67-002 14
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From the plots of P(¥), Ii(f) was obtained for esch set of data.
Hence, from the values for !:00' cross sections wera obtained as men-
tioned,

sefore the results are discussed, it would be aporopriate to investi-
gate factors contributing to experimental inaccuracy. For the experimental
setup used, there are fcur causes of error: meter scale inaccuracy and
misplacement or misalignment of the probe; errors in determining E‘ using
the above F factors; the probe line not following the ccrrect path; and
obliquity effects caused by taking readings too close to the target. These
will be discussed in the seme order below,

The first source of error was explored by Steele and Barnum [uar. 4].
It was found that an error of 0,05 db in total measured field values would

be an expected maximum, An {llustration of this may be seen in Pig. 5 whero

003 P—

00M

003}

ook

<+

0030 |

o028 -

00 |-

0022

-

0020 L—s " ; PR ;
100 %0 (%) 7 v 0 «0

= TRANSMITTER HOMZONTAL RANGE FROM TARGET wi(n) TARGE T —=

FIG. 5. TYPICAL "BACKGROUND" FIELD VARIATION.

a typical "background" field is plotted. By inserting this errcr into
the cross-séction furmula, one finds that the error in cross section is

given by

15 SEL-67-002
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r
2 \
Mn'utl%o /UB n (17)

where r, is the distance in feet from the target at which :: is mea-
sured, Since ro was about 60 ft, the maximum expecied parcentage errcr
is about :60/\/0'n percent. lowever, since these vrrurs occurred randomly,
they wore readily apparent, and the standing-wave curves were smoothed over
accordingly. PFurthermore, the graphical method u3zed 1o deterzine E:OO
tends to minimize this error. Hence an error in cruse section of perhaps
215/Jf:B percent might be expected. The error is a functiorn of the mea-
sured cross section since for small cross sections the errors may have
avplitudes as great as the standing wave. Likewige, for levge cross sec-
tions, srrors are negligible compared to standing-wave magnitudes at r =
60 ft. This ersentially accounts for errors in determining E:OO.

For horizuntal polarization, the computed ti"' using ﬁ{' are much
sore accurate than found previously Ret. 6], especially for the larger an-
gles of elevation. Perhaps *S-percent error exists in determining Ei for
horizontal and vertical polarization using the F factors.

The probe line may 'iave been ¢.° off the correct angle-of-incidence
path. Reference to ¥etzel's formulas i~ Chapter 11 suggests that an error
in cross section of perhaps t1 nercent would result.

I1f measuresents arc tuken too close to the target, a negative error
will occut for both polarizations due to horizontal obliquity. For a 20-
ft-wide wall, at " 60 ft, the reflected waves from the vertical edges
of the wall lag those from the zenter by 8.5°. The effect is identical to
obliquity errors occurring in free-sapace cross-section measurement [Ref. 4,
p. 5|; Steele and Barnum deduced that cross sections of large targets would
be perhaps 10 percent too low. Since the walls are smaller than the targets
which they measured, perhaps an error of -5 percent exists due to horizontal
obliquity; the error is slightly greater for horizontal polarization due to
the probe's gain pattern.

Also at close ranges, there will be an errur caused by the scattered
field's nonconstant phase variation with range. In other words, when far
enough froa the target, the scattered field drops off as 1/r, and the

phase difference between direct and grounc-reflected rays reradiated froms

SEL-67-002 1¢
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the target s a censtant. The effect at clese ranges ro
ferent for herizental and vertical polarizatien due to the
spective ground reflection coefticients.

The analysis is fairly straightforward fer horizontal
Suppose that a certain (small) error may be tclerated; the
tance froa the target becomes smaller as the target height

reflection coefficient decrease and the angle of incidence

will be dif-

different re-

polarization
required dis-
and ground-

increases In

order to obtain s maximum limit for this errer, it was assumed that the

greund-reflectien coefficient was always -1 and that the target scattered

in equal magnitudes toward the probe and the greound.

The results are di-

rectly applicable to a herizontal segment eof the target, with small ver-

tical extent, located a height h‘ off the grouad.

was applied to determine the resultant scattered fielc.

The law of cosings
Define

P as

the ratio of actual scattered field to the value which would exist {f the

phase were constant with distance (Fig. 6). Then P

p. 811)

is given by [Ref. 10,

(18)

where r = distance to probe from base of target
r =
r =
= height of target segment
h_ = helight of probe

ws=rcos V¢

The error in cress section i# simply -100 X P2 percent,

direct distance to probe from targel segment
ground-reflected distance to probe from target segment

which indicates

that messuted cross sections for horizontal polarization are always low

by this percentage. Assuming as before that r,

m 60 ft was used as the

point for aatermining E: (then extrapolated te r = 100 ft), the per-

centage error was pl
17

o L R e T o o o s S

ited vs target height in Fig. 7 for angles of
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FIG. 6. PAY DIAGRAM FOR PHASE-ERROR ANALYSIS SHOWING
TARGET AND PKOBE POSITIONS RELATIVE TO THE GRCUND AND

EAQH OTHER.

¢
&
s *
i
4
g - 0¥

=8k

: ’ P s ©
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FIG. 7. MAXIMUM OBLIQUITY ERROR VS WALL HEIGHT FOR
DIFFERENT ANGLES OF INCIDENCE.
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tncidence of 5° and 20°. Since the targets extended over all heights up
to the maximum height for the wall, an "effective” height must be esti-
mated. Since the actual incident radiation (s greatest for the uppermost
parts of the targets (for our target maxisum heights), an estimate in
cross-section error zay be obtained from the figure. For tasrgel heights
0of 10 ft, the error is perhsps -2 percent; for }3-ft targets, -5 percent;
and perhaps -8 percent for 20-ft targets.

A similar analysis for vertical polarization is difficulct. However,
it w11l be worthwhile to determine whether the error in cross section may
be expected to L9 positive or negative at a particular angle of incidence.
It must be pointed out “hat this error canno' necessarily be determined
from the plots of t. vs r. A positive error which decreases over a (per-
haps lllll) range of r will cause an l. range dependence faster than
l/r; likewise, a negative error which incresses with range »ill cause the
same effect. Whichever effect occurs, it is difficult to infer the error
magnitude from the experimental plots, especially when cross sections are
small (in 11ght of other experimental errors).

Assume an "effective height”™ of che vertical target which scatters
a direct ray and a ground-reflected ray to the probe. When the gru. J-
reflected ray is above the Prewster angle, constructive interference will
occur; likew!se, destructive interference will occur below ithe Brewster
angle; it was found thst the Brewster angle is 14° for the terrain (Ref.
6. p. 20!  Pinally, the probe and wall pattern gains will affect the
magnitudes of the ground and direct rays. The discussion may be facil-
ftated by considering two special cases: ¢ = S° and ¢ = 20°, Agein,
agsume that r, * 60 ft 1is used as the reference point for :. extrap-
olation to far ranges (the errors will be the same for r = 100 ft).
Assune an effective wall height of 10 ft.

At ¢ = 20°, when .he probe is 1o ated at T the ground-reflected
ray sakes an angle of 28.4° with the ground; this angle decreases to 20°
when the probe is far from the target. Since the path difference between
the two rays from the target is always less than 1/4 wavelength, decress-
ing constructive interference will occur as one proceedr away from the
target on the probe line. This causes a positive error. However, close
to the target the probe and wall pattern gains tend to discriminate against

19 SEL-67-002
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both rays. Since coanstructive interference occurs far out, a ative
error is also introduced at ro ™ 60 ft.

At ¢+ = 5° the ground-reflected ray makes an angle of 14.3" with
the ground; this decreases to 5° far out. At 5°, the reflection coeffi-
cient of the ground is near -1, and at 14° it is near zero. Far out,
large destructive interference vill occur, since the target is not very
high (the path difference between rays is n-all): however, at r, esREn-

ticlly only the direct ray exists. MNence a larger positive error exists

at lower angles. Since for this case the ground-reflected ray is negli-

gible at r, " 60 ft, and since the angle tha: the direct ray makes with
the probe is about the same far out, there are negligible errors caused
by wall and probe gain patterns.

One may conclude that errors will be more positive for vertical po-
larization at lower angles of incidence as pointed out by Steele [Rof. 6,
p. 17}. Moreover, these errors may be greater for lower wall heights,
since greoater destructive interference occurs for large r as a result
of decreased path difference between ground and direct rays

The transmitter was far enough from the target so that plane-wave
{1lusination could be assumed [Ref. 12).

Target near-field effects were neglected.

Total errors in measuring a cross section are therefore about
[+(10 154/5;)-51 percent plus errors due to & phase-varying scattered
field. Save for the latter, approximately the same errors nay be expected
for the measurement of free-space cross sections.

For 0 =95 -2, this gives a range of about +8 to -18 percent error
plus phase change error. The phase error is sbout -5 percent for hori-
zontal polarization, is positive (perhaps +100 percent or more) for very
lov angle vertical polarization, and is perhaps negligible for verticel
polarization at 20° angle of incidence due to the balance of positive and
negative errors. The cross-section results wil'l be treated accordingly,
in Chapter V11, by placing arrows on the appropriate data points to in-

dicate the direction in which the measured cross sections should be moved.
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V. ELECTRICAL CONSTANTS OF WALL

The dielectric constant and conductivity of the wall material were
measured using a capacitor-Q technique. A drawing of the experiment is

shown in Fig. 8. The cspacitor was coustructed from 3/32-in. aluminum

5P
.79.:.. A A i
i e i )
/32° aLuanuN =
4 veeT _'; - 34004
B " VOLTMETER
v
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e v -
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FiG. 8. DRAWING OF EXPERIMENT USING CAPACITOR-Q TEQINIQUE.

sheets and measured 3 ft by 4 ft. Two pieces of 8-in.-long heavy wire
were connected to the corners of the sheets for measurement purposes.
Values were measured for both wet and dry blocks, with and without vertical
metal (supporting) rods inserted. The blocks were wetted by successive
dunking in a clean water bath. The degree of total water permeation is
expected to closely approximate that for the cases of backscatter measure-
ment for the following reasons: (1) The blocks were exposed to the water
for less time than for the wet walls measured (Fig. 3); however, water
permeated the blocks' interiors as well; (2) drying of the blocks was slow,
and therefore time was not an important factor. The metal rods were bundles
of those used in construction of such walls and were spaced about 2,5 ft
apart--much closer than ir actual buildings. For all cases, the plates
were covered with a watertight plastic jacket to eliminato leakage currents,
Tie procedure for obtaining the dielectric constants is set forth in
the paragraphs below,
The capacitance of the plates was measured with a Boonton Q-meter at

approximately 7 Mz, with and without blocks inserted; the circuit is

2] SEL-67-002
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shosn in Fig. 9. The dielectric constant is defined by C = rco' shere

C 1s the capacitsnce of the plates, ir {s the relative dielectric con-

stant of the material, and Co is the free-space capacitance. Values

obtained are shown in Table 2; ;r = 2.0 and 4.0 for dry and wet blocks,

respectively, with or withcut metal rods. Note that the transfer function

of the circuit [see Eq. (22) ) gives
T

——3 a0 at Wwew =

) J_‘IE (19)
where CT ropresents the total capacitance present in the circuit. lience
there are no errors present in determining the capacitance of the plates
upon insertion of C and returning of the circuit (nlthou;h R' is nearly
{nfinite when only C._, the Q-meter C, 1is present), There is a small
error due to the capacitance of the leads connected to the vol tmeter;

however, this was small enough to be neglected,

B
Y thb]

FIC. 9. CIRCUIT DIAGRAM OF CAPACITOR-Q TECHNIQUE.

TABLE 2. VALUES OBTAINED FOR CALCULATING €r USING
THE CAPACITOR-Q TEQHNIQUE

i | Sl |
(pt) | (pf) | (pf) | (pf)
Dry, nc metal rods 116 332 29 233 2.0
Dry, with metal rods 116 332 98 234 2.0
¥Wet, no metal rods 116 496 30 466 4.0
¥et, with metal rods 116 488 30 458 4.0
SEL-67-002 29
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The conductivity was measured as follows. The Q of the capacitor

is related to the total resistance of the material by Q = R';C, where
Rs is equivalently in parallel with C. Hence R, = Q/uC and R’ = % %

wvhere o 1s the conductivity, d the thickness of the wall, and A the

cross-sectional area. Hence

0.182 x w X C
=

3 zho/meter (20)

where 0.182 takes into account the dimensions of the capecitor,

Referring to the circuit of Fig. 9, the voltage magnitude of the gen-
erator, V‘, was kept constant., The frequency of V‘ was raised {or
lowered) until the voltage V. 8cross the capacitor was 0.707 x Veo!

Vco = 1 was the midband voltage value. This voltage was measured with an
HP-3400A voltmeter which han 10-megoha input impedance, small input ca-
pacitance, short leads, and a bandwidth of 10 Milz. The upper and lower
3-db cutoff frequencies, tu and tl' and the center frequency to

were recorded. In this case Q ﬂ IOZAI. The circuit for which this

applies is shown in Pig. 10.

) I
Y . Sy " %
: |

FIG. 10. CIRCUIT DIAGRAM FOR PROPER

INTERPRETATION OF BANIWIDTH-Q
RELATIONSHIPS .

The transfer function of this circuit is

2
u?Lz

(- wzx,c_r) + (mzbilki)

v
c

T (21)

However, the transfer function of our circuit is
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2
1

= =T 22)
(1 - a1y « (&1L7/rD) o

2

\'
BE...
“'
4
A plot of relative magnitude vs relative fractional detuning is given in
Ref. 13, p. 201. (This is & normalized plot termed the "universal reso-
nance curve" and applies to the tranafer function ﬁ;) SInceJi‘_l = Jﬁz.
we may adjust our relative voltage magnituces of 0.707 at f and tu
accordingly and thence obtain the quantity a = Qi[(t - to)’fo; directly
from the graph (where Q1 is the "indicated"” Q of the circuit). Denote
” " y 0 4
actun‘ sagnitudes by V‘o and vuo for ‘/Tl' and by t( and Vu
for /72. Then

f, £, £,
V, aV, X = 0,707 X o and V = 0.707 X —
L0 & fo fo uo fo

Reference to the plot gives lu and L, at fu and fi' respectively--
thence giving Q‘. Owing to preobable stray wiring capacitance and capecitor
radiation, Q‘

taken as a beat approximation. Finally, aince the Q-meoter capacitance was

differed at the upper and lower points--the average was

also present in the circuit, we modify the Q"c obtained by the ratio of
plate to total capacitance, according to Q. = Q1 X C/cT' where Qa rep-
resents "actual”™ Q. The Q's for the capacitor were ao low that there were
no errors due to finite Q's of the work coil and Q-meter capacitor. Re-
sults for thia experiment, together with the calculated o's, are shown
in Table 3.

¥ith regard to the reflection coefficient of the wall, w¢ {is suffi-
ciently lerger than ¢ for both the wet and dry walls to enable neglect
of the errors seen above due to the range in Q for upper and lower value
frequencies. The method for obtaining cr is considered fairly accurate
in light of aforementioned considerations.

The above-obtained values for ¢ and Er give

2 - 10.916 dry wall
2
erc .. (23)
4 - 11.74 wet wall
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TABLE 3. VALUES OBTAINED FOR CALCULATING o USING THE
CAPACITOR-Q TECHNIQUE

wall f; fo tu . i Average Q G
Condit{
. (miz) | (omiz) [ (mz)] ¢ | Y | Y * |(who/n)
Dry, nc metal rods |[5.91 |6.30 [6.59 ]-0.6 [+0.43] 9.52 |6.68 2.51(10‘,’4
Dry, with meta' rods|5.91 |6.,30 |&.39 {Same
!-3

¥et, no metal rods |3.20 [5.30 {6.36 |-1.10|+0.35| 2.28 |[2.14/1.32(10)

¥Wet, with metal rods|3.20 |5,30 [6.32 |Same

After insertion of ¢rc  in the formula for R, there results R'd(g) -
0.075 (dry wall) and n"(g) = 0.192 (wet wall). Note that the metal
supporting rods did not affect these values.

It must be noted that the blocks were not actually solid, but con-
tained heles which constituted approximately one-hslf the wall volume,
Although these holes are very much smaller than a wavelength, the re-
flection coefficient of the wall sbould be smaller than that for a selid
wall. However, the capaciter measuring technique weuld also indicate de-
¢ ‘eased er and ¢. Therefore, it will be assumed that the reflection
coefficient error is minimal as a result of the internal geometrv of the
blocks.

Finally, not2 that the electrical constants were measured at about
6 Milz, rether than 26 Miz, This was done te decrease capacitor radiation
and it is therefore assumed thet o and cr are the same at both

frequencies.

25 SEL-67-002
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VI. PRZE-SPACE RESULTS

Pree-space cross sections were obtained in order to investigate the
degree of applicability of physical optics theory to cross-section mea-
surement. As mentioned previously, Steele and Barnum [Rct. 4: had first
adapted the probe system to these measurements. Owing to close correspon-
dence with microwave results, the method is considered accurate to w{thin
10 to 20 percent (see Chapter IV). The wall sizes meaxured ure¢ shown in
Table 4,

TABLE 4. FREE-SPACE RESULTS FOR VERTICAL POLARIZATION

g g
¥all Size B/1 v B 4
Height X w1112Aren 53 Grounded |Insulated Rw go
width (=”) (10) (.2) (-2) )
el 9.27 | 2.035 7.84 3.47 0.075 | 0.045
Dry
10 x 10
1.0 8.06
Dry 9.27 [38.8 149.5 66.2
chicken wire (0.328) (0.862)
;gyx - 18.54 | 3.85 14.82 6.56 | 0.075 | 0.181
;0 X 18.54 [13.3 51.3 22.7 0.192 | 1.19
et
ggyx 20 37.08 | 6.07 | 23.4 10,38 | 0.075 | 0.721

The experiment consisted of measuring the standing waves in front of
a C’ i{lluminated target at a very low angle of incidence. The transmit-
ting antenna was placed on a 10-ft wooden mast, and the center of the probe
was mounted on a self-supporting stend, 8 ft high, on which the telemetering
antenna was fastened. The value of 1/V was recorded at 2.5-(t intervals,
and these values were plotted vs w, as before (Ret. 4). The method was
not applicable for horizontal polarization since the vertical dimensions
of the horizontal target were so large. Results were obtained for vertical

polarization, however, as outlined below.
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As before, an assumed background field was sketched in among the
standing-wave perturbations. Values of E' were then extracted froma the
pPlot by measuring the difference between the actual and the background
field variations at the peaks and nulls. E’ was ther plotted vs w, and
& range dependence very similar te that exhibited by the "standard curve
for vertical polarization” [Ref. 4] was found. From this, Ec (w = 30 ft)
was found. By extrapolation of the background curve to w = O, Ei was
determined. Hence the quantity B = '330/51'2 was calculated. On the

same type of terrain, an "illumination factor,” 1 had been plotted vs

’
target height for a transmitter-target separation tl 300 ft (Ref. 4]. I,
as a function of target height takes inte account the nonuniformity of
target illumination caused by ground ray cancellation and hence was de-
termined for each target height. From this, the "relative cross section”
B/IL was determined. B/IL is related to the actual free-space cross
section by a factor S defined by ¢ = SB/IL. For well-grounded targets,
S =1.708 x 103; for targets i{nsulated from the ground, S =« 3.84 x 103.
It should Le noted that the S specification is valid since results ob-
tained by Steele for a grounded quarter-wave monopole and a half-wave in-
sulated dipole showed close cerrespondence at higher angles of incidence
(Ret. 6, Pig. 6)--the minor deviations were due to increased ebliquity
effects for the half-wave target, and possible variations in vertical re-
radiation pattern with distance. Calculated results for both cases are
shown in Table 4.

Sirce the wall was mounted in concrete only 2 ft deep, and since the
conductivity of cement was found to be quite small, it is susgested that
the wall was effectively insulated from the ground. 3Steele and larnum
[Rol. 4] measured the free-space cross section of an .luminum street lamp
and an antenna mast; although these 'argets were mounted in concrete, they
were also considered to be insulated. However, as was shown by Steele and
Barnum for an aluminum mast, even when such a target barely touches the
ground, the cross section changes (lnd hence so does S). This was termed
the "poorly grounded case,” and shows just how ambiguous the term "ground-
ing"” can be. We could, therefore, eJtiuate the free-space cross sections

as lying somewhere in between the two extreme cases calculated in Table 4.
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This will not be done (even as it was not done for the street lamp and
antenna mast, Ref. 4) in view of the results discussed below.

¥etzel has suggested [lnf. 7) that 12 kh > 3 (vertical polarization),
where k = 2:/A and h {s the height of the wall, we may apply geometrical

optics to obtain the cross section at normal incidence. The formula is

48A2

%50 = 7 Ral3) (24)
where A: is the physical area of the wall. UBo was calculated for each
size wall measured, and the results are also included in Table 4,

The ratio of UB(lnsulltod)/cBO is plotted vs the area of the wall
in Pig. 11 on log-log scales. It was found that all the points fell on the
curve drawn, except for the chicken-wire-covered wall, However, it was

assur.~4 that R' = 1 for the chicken wire. If this value is changed to

100 - -

] i i | i i

i 2 s 10 20 80 100
WALL AREA (m?)

FIG. 11. PLOT OF op(INSULATED)/opo(THEORY) IN FREE
SPACE VS AREA OF WALL.
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R' = 0.328 (which secems somewhat low), the point the~ falls near the 10-
by 10-ft dry wall case, which it should (if the same theory is applicable).
Note that it appears that cross sections aro approximately proportional to
wall area, rather than (nroa)z, for walls where kh < 3 (spproximcteiy).
It is encouraging to find that an asyxptotic value near cﬂlono P |
ix indicated for large walls. This indication will be strengthened in the
next chapter when the (cross sectisn)/(theory) ratio is plotted vs xh
for both the free-space ond angle-of-incidence measurements. Coirespondence
to theory is then indicated for kh = 4 or 5; it appears, therefore, that
tho Steele-Barrum techkiiiquo is accurate to a good degree. Assuming that
this i3 so, one should censider the walls to be insulated. If they were
not, the plots vs kh would show that tho correct asymptolic value of
UB/UBO = 1 would be indicated by walls (in free space) larger than those
roquired %o yield the same exporiment-theory cerrespondence at different

angles of incidence.
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VII. RESULTS AT DIFFERENT ANGLES OF INCIDENCE

Cross sections st angles of incidence ranging between 2.5° to 22.5°
were obtained for wall sizes ranging from S ft high and 10 ft wide, to 20
ft high and 20 ft wide. These results are plotted in Fig. 12a-J; ¥Wetzel's
theory (see Chapter I1) is also plotted.

The results for vertical polarization are shown in Fig. 12a-h (lho
figures are listed in order of increasiny wall area). Measured crots
sections agree best with the theory for the larger walls and for angles
of incidence between 10° and 20°; cross sections for ssaller walls were
well above the theory for all angles of incidence. This nonagreement is
largely due to the inapplicability of the theory, and will be explored in
a moment., Note first that a pronounced knee effect [Ref:. 2.3,6' does not
occur for most of the cases, even tiough it is predicted by the theory.
However, one does note a tendency for decreased low-angle scatter for the
larger walls. Actually, any apparent sbsence of the knee is probably due
to experimental error, as discussed in Chapter IV. According to that anal-
ysis, one should drop the experimental points occuring below ¢ = 15° by
perhaps 3 db or more. Also, as the wall area j4 made smaller, these points
should be dropped more; it is difficult to Zetersine the exact amount of
the drop, but cne might be guided by the shapes of the theoretical curves
an<d place the experimental points on a line parallel to the theory. (For
the larger wa'ls, this practice is verified after noting similar experi-
sent-theory curve shapes for horizontal polarization--e.g., Fig. 125. How-
ever, as it is difficult to apply any theory to the smaller walls, one
cannnt adjust the data points strictly in the above fashion.) Note that
points for + = 20° should not Le dropped, except perhaps 1 or 2 db for
the 5- and 10-ft high wells; for these wall heights the positive errors
v1l1l be greater, even for ¢ = 20°. Moreover, negative errors caused by
horizontal obliquity will be negligible for the 10-ft-wide walls, since
the waves from the verticai wall edges are only about 4° out of phase with
those fros the center. In light of these required data adjustments, it is
therefore very probable that the knee effect does occur, as predicted by
the theory.

Figure 12b shows the cross sections for the 10- by 10-ft dry wall
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cospared to the results for the same wall covered with chicken wire. The
theoretical curve for the chicken-wire case assumes that R' = 0,328, as
derived in free-space measurement. As will be seen from the results for
horizontal polarization, this value seeas a little low; furthermore, cross
sections deviate froam theory for both cazes by about the same amount.
Therefore, it again seems probable that the Rvd (the dry wall's reflection
coefficient) is also low. In any case, results at ¢ = 20° are most ac-
curate, and at this angle the chicken wire increased the 10- by 10-ft dry
wvall's cross section by a factor of 7.32, or 8.65 db.
Figure 12c shows the cross sections for the 10-ft-high by 20-ft-wide
dry wall compared to the results for the same wall with four vertical metal
"supporting” rods inserted every 6.5 ft. The shapes of the curves are
quite dissimilar eince the cross sections for the dry wall were quite
small, and experimental errors were therefore large (see Chapter Iv).
In 11ght of these errors it will be more instructive to compare the two
cases at ¢ = 10°; the error caused by non-phase-constant E' should be
the sam¢ for thke two cases. The horizontal obliquity error should be
& larger for the meta) rod case, however, since the rods are the primary
source of scatter, and 50 percent of the target is therefore concentrated
at the horizont:al extremities of the 20-ft-wide wall. Nevertheless, assume
that the errors are identical, since the difference is probably not very
large. The me.al rods then give an increase in cross section of about 2.7,
or 4.3 db, over the dry wall without the rods.
Only two curves (Fig. 121-3) were obtained for horizontal polariza-
tion, since it was very difficult to detect any nonrandom perturbations
in the backgiound field for this polarization until the 20- by 20-ft wall
size was reached (the 13- by 20-ft wall was not weasured)., Small cross
sections were predicted by Steele (Refs. 6,11 and ¥etzel [Ref. 7] for
horizoatal polarjzation; however, results for smaller walls, using vertical
polarization, show that cross sections were much higher than predicted and
it might be expected that the same would be true of horizontal polarization,
To investigate this, curves for horizontal polarization (based on Wetzel's
theory) are shown in Fig. 13. Comparison of these theoretical curves with
those for vertical polarization for the smaller walls shows that cross

sections for angles of incidence to 20° are considerably less than those
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for vertical polarization until the larger walls are achieved. Steele
(lct. 6} found there same tendencies for a half-wave dipole, as shown in
Table 3. This occurs since the major portion of fllumination on the wall
reached only its uppermost parts--as seen in the function of horizontal
illumination factor, lh [lcf. 4, p. 21]. 1In other woids, horizontal
crog’. sections fncrease very rapidly with {ncreased vertical deviations of
scaiterers fror zero height [lcf. ll). Therefore, it is reasonable to
predict that i{f actual cross sections deviate from the theory for smaller
walls, the tendency will be the same ar for vertical polarization--as in-
dicated in the results for the largest wall--after taking into account
experimental errors (Chapter IV),

Figures 121 and 12§ indicate that random errors in dats reduction

are relatively small, since the data points are parallel to smooth curves.

FIG. 13. TUBORETICAL CROSS
SBECTIONS VS ANGLE OF
INCIDENCE FOR SMALLER
WALLS USING HORIZONTAL
POLARIZATION,

RO W o 'h"'"'

Referring to Fig. 12J and after taking into account the negative
errors occurring for horizontal polarization, the theory is closely real-

ized for the 20- by 20-ft wet wall, However, there are larger deviations
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TABLE 5. COMPARISON OF SCATTER FROM A MALF-WAVE DIPOLE AND A
20- BY 20-FT DRY WALL
Cross Section at ¢ = 10°
Free-Space
Horizontal Vertical
Targht @ata Bloltien Polarization Polarization

2 2 2

(=%) (=%) (n%)

4(ha 4f1r)

\/2 dipole 118 33
20 (h = 12 ft)

20- by 20-ft

dry wall 10,33 0,33 3.75

from the theory for the 20- by 20-ft dry wall (Fig. 121), especially for
higher angles of incidence., Note that in Fig. 12f, cross sections for
vertical polarization realize the theory quite closely for higher angles

of incidence; furthermore, for these angles, it was seen that orrors caused
by a non-phase-constant scattered field were a minimum. Again, however, wo
note that when the same sizo wall was dry, cross sections were higher than
theory for the same angles of incidence (Fig. 12e). Free-space results
gave similar experimental deviations from the theory for the wall which

was measured both wet and dry. Therefore it is suggested that either

er {s too large or R is too small, The latter seoms more likely,

since the conductivity :: the wet material i{s higher and therefore the
holes in the bricks probably do not affect the reflection coefficient of
the wot walls as much.

It i1l be of interest to comvare measured results to those predicted
by theory, as was done for free-spaco croass sections. The angle ¢ for
which this comparison should be made must be chosen in light of all pos-
sible errors in both theory and experiment. Although phase errors irn B!
aro loss at higher angles, so are most cross sections, and hencoe experi-
mental errors are greater. The change in R' with angle of incidenco was
neglected; this error will be greatest at higher angles of incidence. Also,
¥ cannot be too small!, since deviations from the correct curve shape are

even greater at ¢ = 10°., The comparison will thereforo be made at ¢ = 15°,
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Figure 14a zhows cB(cxpcrl-.nt)/an(lhoory) vs kh plotted on log-log
scales for ¥ = 153° and for the free-space measuroments; h 1is the wall
height. There are four values of kh, corresponding to the four different
wall heights. The points occurring for each of these four values were
averaged and plotted in Fig. 14b. A straight line of best fit was drasn
along these points and was transferred to Fig. l4a for comparison. The
curve's s.ope is -2,.55; 1f extrapolated, it would intersect the ordinate
an(oxporllont)/aa(thoory) = 1 at kh & 8. This curve may not be accurate
near this point--indeed the line only represents a first-order estimation

of low kh cross-section behavior.
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[ )
a. All points b, Points averaged
FIG. 14, GRAPH OF an(nmxm)/a'(mm) VS kh PLOTTED

ON LOG-LOG SCALES. Points are for free space and ¢ = 15°,

Note (Flg. 14:) that the free-space points fall above the line and
most of the 15° points fall below the line. Also note that {f the wall
were considered to be grounded, the free-space points would fall even
further away from the line (higher)--therefore, the assumption (Chapter
VI) that the wall is tnsulated from the ground is again justified.

It could be of future interest to plot the points from Fig. lda vs
the corresponding wall area, rather than kh, as was done in Fig. 11.

Therefore, eact of the values for op(experiment)/op(theory) were plotted
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vs the wall area. For each of the five wall areas, these values were

averaged (as in Fig. 14b), and the average was alao plotted vs the wall

area (Plg. 15). Since the theoretical crosa sections are proportional to

(:ron)z, and a line of best fit among the points has a alope of -1.57, {t

is now suggested that actual cross sections may also be proportional to

(nrn)x for low kh. This is probably a more accurate estimate than that

gained from Fig. 11, since more data points are involved in Pig. 15,
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VIIT. BACKSCATTER FROM BUILDINGS AND CITIES

In the following analysis vertical polarization will be assumed, un-
loss otherwvise indicated, since cross sections for the targets concerned
were very much less for horizontai polarization. Furthermore, the angle
of incidence ¢ will he assumsed to be 15° unless otherwise specified,
since reference will be made to Fig. 14b, The frequency is as'umed to be
25.9 Mz, although at times possible cross-section behavior may e con-
sidered at lower frequencies.

Figure 16 was taken from previous work done by Stoele [Ret. 6, p. 26).
Cross sections obtained for the 20- by 20-ft wet wall (both polarizations)
are also shown for cosmparison. It is interesting to note that for lower
angles of incidence the cross sections for the wall were higher than those
for the tree. Mureover. the knee effect for vertical polarization is not
as pronounced for the wail, For angles of incidence between 10° and 15',

the vertical cross sections for the wall and tree were about the same.

1000y T 1 T T
soo! 17-FT DIPOLE _
HORIZONTAL
12 FT ABOVE
GROUND
100} ~
-~ 17-FT DIPOLE
%t SO  VERTICAL -
b.
o
8 5_ -
[77]
[72]
X 1o
- TREE
ost- HORIZONTAL .
o1} -
1 Il
0085 S 35

ANGLE OF ELEVATION y (deg)
FIG. 16. CROSS SECTIONS FOR VARIOUS LAND TARGETS.
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Comparison of ths cross sections obtained for the 20- by 20-ft dry
wall with those obtained by Steele for a large oak tree shows theat the
tree's cross sections were 1 to 2 db larger than the wall's,

Now, define an "average" wall to be 30 ft high and 60 ft wide. At
25.9 Mz, the theory was nearly applicable to the 20- by 20-ft wall, so
one may estimate the cross section of the 30- by 60-ft wall to be 13 db
higher.

let us now construct a building with four such walls, Assuming that
this building is randomly oriented, its cross section will be about 3 db
lesa than the average wali's, for which the vertical plane of incidence
was normal to the wall [Ref. 7).

It will be rather difficult to defins the dimensiona of an average
building, since, as seen above, the theory doez not apply for buildings
with heights smaller than 1/2 wavelength or so; in fact, cross sections
are then even higher than predicted., Moreover, Wetzel poin out that
the decrease in a building's cross aection due to random orientation is
dependent upon {ts dimensions--the 3-db decrease applies to buildings with
dimensions of the order of a wavelength; larger buildings will tend to
produce more directive scatter, and hence will have smaller relative
cross sections when randomly oriented. Let the average building be de-
fined as above, with the understanding that moat houses will be smaller,
but that apartment complexes and most "downtown" structures tend to be as
big or, usually, larger.

Next, conaider the effecta of structural supports and chicken-wire-
covered structures such as plaater huases and buildings. It was found
that vertical metal supporting roda added 4.3 db to a wall's crrss section.
The chicken wire added 8.€5 db to the 10- by 10-ft wall's cross section.
Since this was most likely caused by an increase in reflection coefficient,
the same figure would apply to any size wall, Assume (conservatively) that
a 5-db increase in a building's cross section occurs due to chicken-wire-
covered structures and/or metal supports used in construction,

We have now arrived at the important (but somewhat upproxillto) result
thut a 60-ft-square by 30-ft-high, randomly oriented, dry cement (average)
building will have a cross section at 25,9 MHz (-2 + 13 - 3 + 5) = 13 db
higher than the large osk tree measured by Steele. Although most trees
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are smaller than Steele's troe [Ref. 6], a tren's cross section increases
roughly proportional to (hﬂght)2 [Rcf. 4]. and forested areaa usually
contain a large proportion of treces larger than Steele's tree. Therefore,
sssume that the large oak tree measured by Steele represents an "average”
tree. Hence, an average building has a cross section about 13 db larger
than an average tree at 25.9 iz, The results obtained by Steele and
Barnua [Rot. 4, p. 46] show that the largest free-space cross section ob-
tained for a tree was approximately 3 db larger than that for the tree
measured by Steele; it is believed that the tree with the larger cross
soction was close to a resonant length and therefore represents one of the
largest cross sections one would expect to measure for normal size trees.
The average building has a cross section 10 db higher than this tree at
25.9 Mz,

Note that at lower frequencies the randoam orientation of buildings
will cause a smaller decrease in a building's cross sectinn, since the
walls will produce less directive scatter. Moreover, tree cross sections
should decrease very rapidly for lengths below 1/8 wavelength (or so)
[Rot. 4, pp. 29, 31, 59]. Therefore, we may expect that buildings would
produce significuntly wore scatter at lower frequencies, although it is
difficult to infer from Fig. l4a that low-frequency (low kh) behavior
is actually as approximated. Moreover, a dependence on building width
was not deduced.

An sitempt to generalize the above comparisony for a single tree and
a singleé building to scatter from cities and forests could prove fatal,
since the distribution of upright targets on an arbitrary terrain varies
so widely; wmoreover, it has not yet been proven that land backscatter does
indeed result from such upright targets. One can, however, make the
following observations.

Since trees and street lights in cities are usually spaced much less
than a wavelength from buildings and houses (effectively closer at lower
frequencies), their effect may be likened to that caused by supporting
structures in the buildings. One may therefore expect an additional in-
crease in the cross section of a building that includes street lights
since a s:reet light was found to have a free-space cross section about

8 ¢b larger than the "average” tree’s (Ret. 4, p. 47!,
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Al though horizontal scatter from trees and buildings is msuch smaller
than that for vertical polarization, at low angles of incidence one nay
prohably expect more horizontal scatter from cities as a result of power
lines. This will be especially true at higher frequencies. For example,
assume an average line height of 40 ft. The effectiveness of power and
telephone lines will depend upon their holght-rron-ground/vavolongth ratio.
At particular heights, the path difference between direct and ground re-
flected rays is such as to cause total field cancellation at the line.
Assuming that R‘ = -1 for horizontal polarization, it may be seen from
geometrical considerations that total cancellation occurs for

n\

hL--z—m a=0, 1, 8 ...

vhere hL is the line height. Assume that 6.5 Miz 1s the freguency used;
then A =150 ft and A/(2 sin 15°) = 289 ft. Or, at h, = 145 ft, com-
plete constructive interference occurs. Since most lines are ahout 40 ft

high, and both t. and E‘ are equally affec*zi, the line's effective

cross section compared to its maximum is given by
40 0t
E“‘(’fTs x ;)J x 100% = 3.17 (25)

This is quite small and results in probable negligible scatter from lines
at this frequency, although many lines are several wavelengths long.

At 25.9 iz, on the other hand, & similar analysis at ¥ = 15° shows
that scatter will be 95 percent effective from lines 40 ft high.

Since cross sections of lines are proportional to (longth)z, one may
expect significant horizontal scatter from cities at higker HF frequencies;
however, the actual scattered power will, of course, also be a function of
the line's gain pattern. See, for instance, Ref. 14,

Finally, note that rows of buildings are us.ally spaced in a fairly
regular fashion--corresponding to a typical street map. One would there-
fore expect a backscatter signal enhancement at frequencies for which con-
structive interference occurs ovetween reflections from adjacent rows. The
"effective" row spacing is equal to D[(cos ¥)/(sin p)] , where D is the

actual spacing, V¥ 1is the angle of incidence, and £ 1is the argle between
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rays and rows., Construcivive interference cccurs for effective row spacings
equal to multipies of 1/2 wavelength. The effect will not occur in forested
areas since trees are usually positioned randemly. The signal enhancement
¢ffect would prebably be noticed providing the city is very large or is sur-
rounded by very small trees or open country.

Scatter from a large area containing many trees o> buildings will be
reduced by the "shadowing™ of adjacent targets by their neighbors. ¥etzel
[Rc!. 7] predicts that this effect will be greater for clusters of buildings.

Althcugh an average building's cross secticn may be two orders of mag-
nitude larger than that for an average tree, a particular illuminated erea
would probably contain many more (perhaps more than 100 times) trees than
buildings. In light of this prcbability and the shadowing effect, it still
appears that 'rees are, in general, the primary source of ground backscatter,
if indeed such scatter results from upright ground targets. W¥hen there is
prior knowledge of an {lluminated target area, one might perhaps verify this
prediction from records containing signal enhancements at particular fre-
quencies. If signal enhancements are large for a particular study, it is

very probable that city scatter i{s predominating.
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IX. PROBE SYSTEM: MODIFICATIONS AND RECOMMENDATIONS

Since the probe system described by Steele and Barnu. [lef. 4] is
rather unique, it is worthy of comme¢nt with regard to general applications.
A bhlock diagram of the system is repeated in Fig. 17; detailed design in-
formation has been given in Ref. 4,

PROBE SYSTEM
r ______________ 3
RF Rsomul Lnear]0-=350w 259mul\ 259mu[ prose |
DRIVER AVPLIFER N ~ AMPLIFER I
TRANSMITTING \-PROBE | p—_) |
ANTENNA ANTENNA! :
ICWE,E’;& VOUTAGE i AND :
= v ‘ FLTER :
' %  pererencel
' CELL }
| ICOMPARA p I
| |
, 3 ]
| = |
: GATE I
I - :
I
| |
AGC ' R W :
tqaa = "ELEMETERING ,
| S TRANSMITTER i
AL RECEIVING TELEME 'Eawg! _ i

INTENNA  ANTENNA

FIG. 17. BLOCK DIAGRAM OF PROBE SYSTEM,

Most important, Steele and Barnum were able to conclude that the probe
was toc small tc upset the fields being maasured, in the vicinity of CW
illuminated targets. This fact referred to the probe's free-space vadar
cross section which is less than 0.1 .2. It was not possible to measure
this low a value, but it may be deduced through reference to cross sections

obtained for cylinders in free space [Rof. 4, pp. 29, 31, 59 ). Then, since

3t (26)

we find that E_ (r = 10 m) < 1 percent of E, (at the probe). Hence, if

one were 10 meters away from a reflecting target, the resultant scattered
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field would be less than 1 perceat in error. This error will be ,ess {f
the range dependence of the fields is faster than 1/r, which will be true
in most instances near the ground. The error might be greater i{f the probe
receives more illumination from the transaitter thaa the field point 10
moters away. At the proba's position, pesrhaps a 10-percent error exists.
However, if the probe's polarizsiion is maintained constant relative to

the transmitting antenna, the error is also constant; it is therefore in-
consequential since only relative fi2id values are measured.

The teiezetering antenna was found to introduce & slight constant at-
tenuation to the fields being measured [lcf. 4]. An aneclysis simsilar to
the shove showas that its reradiaticn is negligible since its size was
smallar than the probe.

For general applications, the telemetering antenns should be made
smaller, through more efficient matching, and mounted perpendicular to the
serring antenna. Better still, since nonconstant field interference could
st1il occur (with arbitrary probe orientations), a very high telemoter
frequency could be chosen, and duplexing would then be posaible. ¥With this
method, different probe orientations would not affect the attenuation caused
by the close proximity of the probe sensing and telemetoring antenna ¢

Since the probe system was constructed rather hurriedly, 1t was found
later that other improvements could be made. A few comments regarding
these improvements are in order.

A smalier probe sensing antenna would cause less field upset in the
vicinity of the probe, but would also create lesa polarization discrimi-
nation. The latter effect coulu be decreased by reducing the size of the
center box used for equipment housing. In general, conatruction practices
and size limitation will be a function of the desired applications.

Further improvements can he made in the system gain magnitude and
crability, telemeter null width and depth, transsitter output control, and
telemeter AGC voltage monitoring.

System gain is primarily achieved in the probe amplifier. A first
step would be to match the probe antenna to the ssplifier input sore ef-
ficiently. Increasing the gain ~f the probe amplifier without proper at
tention paid to smplifier stesbility would be disastrous. Also, care should

be taken not to increase the amplifier noise figure, since noise will
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contribute to output magnitude uncertainty, which in turn will decrease
system accuracy due to AGC null broadening.

There are two primery causes of amplifier drift: (1) battery run-
down, and (2) temperature changes caused by component joule heating and
ambient temperature variastions., The present scheme cmploys thermistor
componsation to achieve tesperrtiure stability over a rather small temper-
sture range; mercury batteriec ‘0 used since they have the most constant
output vs time characteristics, It was found that temperature variations
were wide enough (on some days) to cause a monotonic gain drift--this is
negligible {f readings sre taken over a short period of time, say 15 min-
utes. For longer messuring times, or if day-to-day comparisons are de-
sired, some standard reference readings must be taken periodically which
may be used to normalize sets of relative field readings. In other words,
the null-producing probe field might change with time (te=mperature).

If more gain were achieved, or {f wide temperature changes are antic-
ipated, it appears that a negutive feedback scheme would be most desirablo,
since a change in gain of 0.) db is very noticeable. Therefore {t would be
useful to design a high gain amplifier, possibly using PET's as the active
elements, employing low-frequency feedback, and preceded with a stagger-
tuned, maximally flat narrowband filter tuned to the desired frequency.

A bandwidth of 180 kiiz (achieved with csascaded-signal-tuned circuits) proved
adequate in the suthor's system. However, {f sdjacent channel interference
is anticipated, or a particulerly noisy target area is under study, a more
narrow bandwidth would be necessary. The maximally flat filter would then
be helpful in decreasing errors due to possible transmitter frequency and
filter component drifts. As the gain is raised and more feedback used,

more stable amplifier conditions result. However, the input impedance will
also go duwn with pore feedback--hence filter-matching problems will go up,
A maximally fleat notch filter in the feedback loop might then be helpful.

The telemoter could be first improved by increasing its RF output and
by matching the telewmetering antenna to the transmitter output (after per-
haps decreasing antenna length). This would increase the effective range
of the system and would place the null depth above the local noise level
under more adverse conditions. With the present system (using a 4-ft

telemotering antenna mounted 4 ft off the ground), a 1/4-mile range proved
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to be sbout maximum. It was found empirically that as better matches

were obtained between teleseter and telemeter antenna, the null depth
lowered, thereby decreasing the null wicth and increasing the accuracy of
the system. The surest way to increase the null depth is to better isolate
the telemeter oscillstor from the output amplifier which follows the gate.
Furthermore, the gate should be designed to eliminate stray coupling and
loakage currents--which occur between gate input and output wiring snd
across the gate diodes. Finally, mseans should be provided for obtaining

a more balanced tnput to the gate.

Once the probe system accuracy is increased, it will be necesssry to
have a more verniered transmitter output control; for decreased null width,
the percent change required in transmitter output in order to achieve exact
null will also decrease. Furthermore, a more sensitive meter, biased to
the proper range, could be used for telemeter receiver AGC voltage moni-
toring. In fsct, up to a certain point (which depends on the eyesight of
the operator and the noise lovol) as this meter is made more sensitive,
more "effective™ null depth is achieved. Above ail, a stsble, narrowband
telemoter receiver should be used.

General uses of the probe might include the measurement of antunna
patterns, field leakages from transmitter buildings, undervater field dis-
tributions (after appropriate equipment housing is oblnlnod), polartzation
discrimination, ground constants, or reflection coefficients. XNote that
these measurements can be made at only one frequency, If wmensuresents at
more than one frequency are desired, the frequency of the probe asplifier
must be adjusted, and its antenna rematched. Care must then be taken not

to approach the telemetering frequency too closely.
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X. CONCLUSIONS

The results for cement brick wall cross sections, both as a function
of wall size and angle of incidence (Pigs. 11 through 13), and in free
space as a function of wall size, indicate that corner reflector theory
is closely approximated for larger walls at kh 2 $. For these walls, a
knee effect is clearly observed for vertical polarization but was not as
pronounced as that for a large oak tree; this suggests that scatter from
buildings may be higher than that from trees at the lower angles of in-
cidence. For smaller walls, the knee was not obagerved but will still occur
in light of experimental errors for lower angles of incidence. Backscatter
was not measurable for horizontal polarization until the largest wall was
reached; for each rarticular target, vertical cross sections were always
higher than those for horizontal polarization.

Results for free-space cross sections show thst for smaller walls
cross sections may be proportional to area rather {hnn to (nrcn)z; later
results at different angles of incidence suggested that these cross sections
may actually be proportional to (lf.l)%. For 0.8 < kh < 5.0, :ross sections
ulso appear to be roughly proportional to ({requcncy)x, rather than (fre-
quoncy)z.

A 3C-ft-high by 60-ft-square, dry, randomly oriented building should
have a cross section 13 db larger than a tree with a trunk 17 ft high and
4 ft wide, at 25.9 Mz,

Consideration of other city targets, primarily power lines, suggests
that horizontally polarized scatter should be larger from cities thsn from
forests, primarily at the upper end of the HF spectrum,

Since trees far outnumber buildings in large areas flluminated by NF
radar, trees may be the primary source of vertically polarized ground back-
scatter, This prediction might be verified by noting that backscatter sig-
nal enhancements from cities should occur as a result of constructive
interference between reflections from adjacent rows of buildings. For a
particular backscatter record, the magnitude of these enhancements might
provide an indication of a city's radar effectiveness, if targets on the

{llurinated land area were known.
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Future work might t{nclude the measuresant of cross sections of long
lines st different angles of incidence and at different sspect angles.
Other land targets, if isolated, could also provide useful inforsstion.
It would be interesting to obtain, at » lower frequency as cospared to 26
Miz, information regarding low kh cross-section behsvior of wells and

other targots.
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It is becoming more apparent that a fair proportion of high-frequency backscatter
from level portions of the earth's surface results from upright targets such as trees
and buildings. Using the standing-wave method, at 26 MHz, trees have .<en investi-
gated at angles of incidence (with respect to the horizontal) up to 22.5°. It was
found that a tree may provide significant scatter.

The present undertaking was to measure--by the same technique--backscatter from
cement walls of different sizes and conditions at 26 MHz. Using a balloon-borne
transmitting antenna and telemetering probe, cross sections for both horizontal and
verticel polarization were obtained for angles of incidence between 2.5° and 22.5°,
Magnitudus of cross sections were much greater for vertical polarization at lower
angles of iucidence.

For angles of incidence other than broadside, but withk the radiation perpendicular
to the intersection of the wall and the ground, the wall-ground combination behaved
as a corner reflector; the experimental results for larger walls showed agreement with
the corresponding theory. Subsequent extrapolation of the theory suggests that buildd
ings may have cross sections much higher than trees.

A comparison of wall scatter to that from a large oak tree, and consideration of
other city targets, sujggests that at low angles of incidence horizontally polarized
scatter should be larger from cities than from forests, primarily at the upper end of
the HF spectrum., Although an average building may have a cross section as much as 16
db larger than that for an average tree, trees far outnusber buildings in the large
areas {lluminated by HF radar; therefore, trees may be the primary source of
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vertically polarized ground backscatter. A knee
was observed in the curves for cross section vs
angle of incidence; however, the knee was not as
pronourced for the wall as that occurring for a
large oak tree. This variance suggests that
scatter from buildings may be higher than that
from trees at the lower angles uf incidence.
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